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Quintessence and Born-Infeld cosmology

P. Vargas Moniz*
Departamento de Fisica, UBI, 6200 Covilha˜, Portugal
~Received 2 July 2002; published 5 November 2002!

Recent observations suggest that the universe is in a state of accelerated cosmic expansion. Herewith we
investigate this scenario within the Born-Infeld theory, which has been employed to describe open strings
ending on D-branes. A multidimensional model with a topologyR3S33Sd, a cosmological constant, dust
matter, and gauge fields is considered for that purpose. Two situations are subsequently discussed, according to
whether string effects are~i! dominant or~ii ! induce perturbations in the gauge field sector. Studying the set of
equations governing the cosmological dynamics, we find that Born-Infeld cosmology can be compatible with
the presently measured acceleration, together with a compactified internal space. This is shown to depend on
the gauge field components in the internal dimensions as well as string modifications to the gauge matter
sector. Furthermore, we argue regarding situation~i! that quintessence could constitute a transient stage.
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A number of recent measurements point to the grow
evidence that the expanding universe is currently accele
ing. Those observations comprise the luminosity-redshift
lation observed from type Ia supernovae@1#. Such a conclu-
sion has been strengthened by the study of the accoustic
in the cosmic microwave background@2# and the mass powe
spectrum@3#. One obvious candidate to explain this effect
the vacuum energy density or cosmological constant.
other interesting alternative is constituted by a dynam
vacuum energy or quintessence model@4,5#. These include a
scalar field slowly evolving down its shallow potenti
whose cosmological influence was until recently ov
damped by the expansion of the universe. With potential
the exponential type, it was possible to identify conditio
under which the present deceleration parameterq0[

2äa/ȧ2 is negative@5,6#. However, the vast majority o
these quintessence models usually lead to a fine-tuning p
lem @7#. Other models involving scalar fields coupled
gravity without a potential were investigated in Ref.@8#.
From the point of view of particle physics, other suggestio
have also been advanced@9#, namely within Einstein-Yang-
Mills ~EYM! cosmologies@10#.

Our knowledge of cosmologies with the above type
acceleration can be enlarged with alternative scenarios
trieved from M or string theory@11#. In this context, severa
models have been investigated@9,12,13#, although Born-
Infeld ~BI! cosmologies have not yet been examined. Actio
of the BI type have recently been the subject of wide inter
@14#. This comes from the result that the effective action
the open string ending on D-branes can be written in a
form. In that respect, BI cosmological solutions could as
in the understanding of brane dynamics regarding the
verse evolution. Papers discussing cosmological models
U(1) BI matter can be found in Ref.@15#. Moreover, non-
Abelian BI cosmologies were investigated in Ref.@16#.
Hence, admitting that the conditions for the present acce
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ated cosmic expansion could have been determined by b
or strings, gauge, and gravity field effects at prior stag
would a BI cosmological framework be compatible with r
cent observational data?

In order to address this issue, we consider
D-dimensional space-timeMD, whose action includes a B
matter sector@14–16# as

S@ ĝm̂n̂ ,Âm̂#52E
M D

dx̂A2ĝF R̂22L̂

16p k̂
1

b̂2

4p
~R̂21!G ,

~1!

with

R̂5F11
1

2b̂2ê2
TrF̂ m̂n̂F̂ m̂n̂2

1

16b̂4ê4
~TrF̃ m̂n̂F̂ m̂n̂!2G 1/2

.

~2!

Notice that ĝm̂n̂ is the D5(41d)-dimensional metric, and
R̂, ê, k̂, andL̂ are, respectively, the scalar curvature, gau
coupling, gravitational, and cosmological constants inD di-
mensions. In addition,F̂ m̂n̂5]m̂Ân̂2]n̂Âm̂1@Âm̂ ,Ân̂#, Âm

denotes the components of the gauge field,b̂ is the BI
maximal field strength@16#, andF̃mn is the dual ofFmn . We
write M D5M43I d, with M4 being the four-dimensiona
space-time andI d a d-dimensional compact space. For de
niteness, let us chooseM 41d5R3S33Sd, whereS3(Sd) is
the three-(d-) dimensional sphere. The group of spatial h
mogeneity and isotropy is, in this case,GHI5SO(4)
3SO(d11), while the group of spatial isotropy i
H I5SO(3)3SO(d). The most general form of an
SO(4)3SO(d11)-invariant metric is

ĝ52Ñ2~ t !dt21ã2~ t !(
i 51

3

v iv i1b2~ t ! (
m54

d13

vmvm, ~3!

where the scale factorsã(t),b(t) and the lapse functionÑ(t)
are arbitrary nonvanishing functions of time.
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It is further needed to find gauge fields which are cons
tent with the above spatial homogeneity and isotropy. A m
useful class are the so-calledsymmetricfields, i.e., fields in-
variant up to a gauge transformation. These have been
oughly employed before~see Refs.@10,17#!. The Ansatzfor
the SO(4)3SO(d11)-symmetric gauge field within a
gauge groupK̂5SO(N), N<31d, is

Â5
1

2 (
p,q51

N232d

Bpq~ t !T 31d1p 31d1q
(N) dt1

1

2 (
1< i , j <3

T i j
(N)v i j

1
1

2 (
4<m,n<3

T mn
(N)ṽm23 n23

1(
i 51

3 F1

4
f 0~ t ! (

j ,k51

3

e j ikT jk
(N)

1
1

2 (
p51

N232d

f p~ t !T i d131p
(N) Gv i

1 (
m54

d13 F1

2 (
q51

N232d

gq~ t !T m d131q
(N) Gvm, ~4!

wheref 0(t), f p(t), gq(t), Bpq(t) are arbitrary functions and
T pq

(N) are the generators ofK̂.
Notice thatf 0(t),f5$ f p% represent the components in th

four-dimensional space-time, whileg5$gq% denotes the
components in the spaceI d and B̂ is an antisymmetric ma
trix. It is important to stress that we consider gauge fi
configurations withnonvanishing time-dependent compo
nents inboth external and internalS3 andSd spaces.

The next step is to substitute the aboveAnsätze into the
complete action, together with performing the conform
changes Ñ2(t)5b0

dN2(t)/bd(t), ã2(t)5b0
da2(t)/bd(t),

whereb0 denotes the equilibrium value ofb. Aiming to study
the present dynamics, we focus on the variablesa, b and the
contributions to the effective potential from the BI term f
the gauge fields. In what follows, we restrict ourselves t
static vacuum configuration of the gauge fields:f 05 f 0

v , f
5fv, g5gv, with f and g being orthogonal. The notatio
v1[V1( f 0

v ,fv) andv2[V2(gv) will be used throughout this
paper. Complying to the choices above, we subsequently
tain the effective reduced action

Seff5216p2E dtNa3H 2
3

8pk

1

a2 F ȧ

N
G2

1
3

32pk

1

a2

1
1

2
F ċ

N
G2

2VJ , ~5!

where the potential includes exponential functions ofc,
which has been pointed to as a common feature in strin
M theory @12#,
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V~a,c!5
1

4p
vdb0

dedcgb̂2e22dgcS F11e2dgc
3

b̂2ê2a4
v1

1e24gc
4

b0
4

d~d21!

8ê2b̂2
v2G 1/2

21D
1e2dgcF2e22gc

1

16pk

d~d21!

4

1

b0
2

1
L

8pkG ,

~6!

with k5 k̂/vdb0
d , e25 ê2/vdb0

d , g5A16pk/d(d12),vd is
the volume ofSd for b51, c5g21ln(b/b0) is the dilaton,
dots denote time derivatives, andL5vdb0

dL̂.
The Friedmann equation is

S ȧ

a
D 2

52
1

4a2
1

8pk

3
S ċ2

2
1V~a,c!1r D , ~7!

where we addedr5r0(a0
3/a3) corresponding to dust energ

density, withr0 and a0 being the energy density and sca
factor at present, respectively. The equation for the dilato

c̈1
ȧ

a
ċ52

]V~a,c!

]c
, ~8!

and the Raychaudhuri equation is written as

ä52
8pk

3
aċ22

4pk

3
aS r0a0

3

a3 D
1

8pk

3
aV1

4pk

3
a2

]V

]a
. ~9!

Furthermore, the deceleration parameter is given by

q5

8pk

3
a2ċ21

4pk

3

r0a0
3

a3
2

8pk

3
a2V

2
1

4
1

8pk

3
a2ċ21

8pk

3

r0a0
3

a3
1

8pk

3
a2V

. ~10!

The presence of BI modifications to the gauge sector
manifest in the square root term inV.

The form of V implies an intricate analysis concernin
whether an accelerated expansion exists inM4 for large val-
ues ofa. This state would be induced by the value ofV(a
→`,cext), associated to a stationary compactification ofI d,
wherec.cextremum. We are required to solve both a gener
quartic and cubic equation~see Ref.@18#!. The correspond-
ing coefficients are all nontrivial functions of the paramete
introduced in Eqs.~5!,~6!. In the limit a→` we may neglect
the term in a24 associated withv1 as well as the term
a2(]V/]a) in Eqs.~7!–~10!. However, the relevant informa
tion required to establish the existence of compactificat
and acceleration can be retrieved by analyzing the two
gimes that will influence the cosmology with actions~5!, ~6!.
1-2
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We shall therefore consider the following limiting cases, b
tween which the dynamics governed by Eqs.~7!–~9! inter-
polate.

Let us take the limit where

e24gc
4

b0
4

d~d21!

8ê2b̂2
v2@1,

corresponding to a situation where the internal dimensi
are small. In this regime, BI effects clearly dominate ov
standard gauge~radiation! dynamics~see Refs.@10,16,17#!.
The potentialV is approximated by

V~a,c!.
1

4p

ê

b̂
e2dcge22gc

1

b0
2

Ad~d21!

A2e2
Av2

2e2dgcFe22gc
1

16pk

d~d21!

4

1

b0
2

2
L

8pkG .

~11!

Solutions where the internal dimensions are compactified
cur if e2gc5(A2C)(d12)/B, where

A[
1

16pk

d~d21!

4

1

b0
2

, B[
L

8pk
,

C[
1

4p

ê

b̂

1

b0
2

Ad~d21!

A2e2
Av2.

If we write the solutions such thatcext.0, this will deter-
mine the cosmological constant to be fixed by

L5
8pk~d12!

b0
2 S d~d21!

8
2A2

ê

b̂

Ad~d21!

e2
Av2D

~12!

andV is given byVext5L(d21)/(d12)8pk at this extre-
mum. Two possibilities can then be identified: when~a! A
2C.0, B;L.0 or ~b! A2C,0, B,0. Concerning~a!,
the potential has a local positive maximum that may be
cated in a suitably flat region and asymptotically approac
zero at large values of the dilaton field. This implies that
extra dimensions may have evolved fromb.0 towards a
vacuum state atb.b0. A universe in this state could have a
energy density~provided byVext through the stationary com
pactification ofI d) larger than that of dust matter. Howeve
quantum fluctuations may imply the dilaton will proceed
ther tob;0 or b;`, with V→2` ~the universe will ini-
tiate a contraction! or V→01 ~expansion of the interna
space!, respectively. Therefore, scenario~a! may constitute
an unstable cosmological stage. In possibility~b!, we have
instead a stable compactification but the minimum is ne
tive and the potential behaves asV→02 at c→`. At this
minimum, the universe will eventually contract as the effe
tive four-dimensional cosmological constantL (4)

[8pkVmin is negative. This is in contrast with current o
servational data.
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Taking ċ'0 and assuming thatc has had enough time to
settle at these extrema with negligible oscillations, the c
rent deceleration parameter is written as

q0.

V0
mH0

2a0
2

2
2a0

2L

3 S d21

d12D
2

1

4
1V0

mH0
2a0

21a0
2 L

3 S d21

d12D , ~13!

wherer0[V0
m(3H0

2/8pk), with H0 as the current value o
the Hubble parameter andV0

m[r0 /rC , rC being the critical
density. Negative values forq0 can be obtained when, e.g.

a0
2 L

3 S d21

d12D.2V0
mH0

2a0
2

and

a0
2 L

3 S d21

d12D.
1

4
2V0

mH0
2a0

2 .

In particular, forL.0 we can find parameters for whichq0

agrees with current data. Employinga0
2510120b0

2, H0
2

5104h0
2 km2 s22 Mpc22, h0P@0.4,0.7#, V0

m.0.3, b0
2 of the

order of the Planck size, it is possible to identify values

v2 , e, ê, b̂, d that provideq0P@20.6,20.4#, satisfying the
observational bounduL (4)u,102120/16pk. Hence, BI cos-
mologies can be found in a state of accelerated expansio
agreement with present measurements. This situation is
ertheless afflicted by a fine tuning of parameters. Moreo
it may be unstable~if oscillations in c increase!, therefore
suggesting that quintessence could be a transient effect,
dust energy density eventually overdampingV.

Another limit needs to be investigated, namely when

e24gc
4

b0
4

d~d21!

8ê2b̂2
v2!1.

This corresponds to a situation with internal dimensio
larger than in Eq.~11!, where BI corrections will constitute
perturbations to the standard gauge~radiation! dynamics~see
Refs. @10,16,17#!. The potentialV ~with a→`) is different
from Eq. ~11! and approximated by

V.e2dgc@Ae24gc1Be28gc2Ce22gc1D#, ~14!

where

A5
1

16p

1

b0
4

d~d21!

ê2b̂2
v2 , B5

1

4p

1

32

1

b0
8

d2~d21!2

ê2b̂2

v2
2

«2
,

C5
1

16pk

d~d21!

4

1

b0
2

, D5
L

8pk
.

We employ the following argument to simplify the quantit
tive analysis. Usingy[e22gc.0, the presence of the qua
tic term y4 in Eq. ~14! amounts to shifting any minimum o
1-3
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the quadratic potential towards the origin, decreasing
magnitude. A similar effect is obtained withAy22(C/j)y
1D, j.1 being a parameter that represents the influenc
e28gc at the minimum. The potentialV is then approxi-
mated byV.yd/2(Ay22Cy/j1D). Stable compactification
at a minimum occurs as long as

L,
d21

16k

~d12!2

d14

e2v2

64

1

j2
. ~15!

We further note thaty.0⇒L.0. Seeking that the solution
occurs for c.0, we have to fine-tuneL as L>d(d
21)/16b0

2j, which further corresponds tov2 /e25b0
2/64kj.

In order that the effective four-dimensional effective const
be positive, we take

L.
d~d21!

16b0
2

~11d!

j
, ~16!

where d is an additional parameter used to comply to t
above bounds. Note thatL is now fixed throughd, b0 , j,
andd. Subsequently, the current deceleration parameter
be given by

q0.

V0
mH0

2a0
2

2
2

a0
2

b0
2

d~d21!

48

d

j

2
1

4
1V0

mH0
2a0

21
a0

2

b0
2

d~d21!

48

d

j

. ~17!

Values ford, b0 , v2 , ê, b̂, j, d, e can be chosen such tha
.
56

dt

-
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we can again obtainq0P@20.6,20.4#. This constitutes an
additional scenario where BI cosmologies can be found in
accelerated expansion consistent with observations. Ne
theless, it is also afflicted by a fine tuning of parameters.

We summarize this paper by pointing out that BI cosm
logical models can indeed be compatible with the recen
observed state of accelerated expansion. In particular, q
tessence can constitute a possible transient stage, afflicte
a fine tuning of the parameters introduced with the multi
mensional framework~1!–~4!. However, this is a problem
common to phenomenological approaches of fundame
descriptions. Further research is surely needed and is
motivated. Subsequent directions to investigate could incl
~i! a thorough numerical analysis,~ii ! discussing fluctuations
in the gauge field vacuum states,~iii ! analyzing the stability
of compatification in BI theories after inflation, or~iv! con-
sidering corrections to the curvature as well as to the ga
fields ~in a BI matter sector! brought in from M or string
theory @11#. Finally, it was pointed out that exponential po
tentials V;V0e2lkc may induce a power-law accelerate
expansion (a;tp,p.1/3) with l2,6, V0.0 or l2.6,
V0,0 @6#. The dilaton in Eqs.~5!,~6! could induce a decay
ing behavior forV(a→`,c) asc rolls down, possibly con-
stituting an attractor in a~sub!set of solutions. This could
also be investigated, namely for Eqs.~11!,~12!.

The author thanks CAUP for hospitality. The author
also grateful to D. Clancy, C. Herdeiro, C. Martins, M
Costa, and P. Avelino for useful discussions. This resea
was supported by grants CERN/P/FIS/43717/2001, CERN
FIS/43737/2001, and POCTI/32327/P/FIS/2000.
B
.

,

gy

-

a-

v.
@1# S. Permutteret al., Astrophys. J.517, 565~1999!; A. Filipenko
and A. Riess, Phys. Rep.307, 31 ~1998!; P. Garnavichet al.,
Astrophys. J. Lett.493, L53 ~1998!.

@2# J. Bartlett, A. Blanchard, M. Le Doux, M. Douspis, and D
Barbosa, astro-ph/9804158; G. Efstathiou, astro-ph/99043

@3# J. Ostriker and P. Steinhardt, Nature~London! 377, 600
~1995!; L. Wang, R. Caldwell, J. Ostriker, and P. Steinhar
Astrophys. J.530, 17 ~2000!.

@4# V. Sahni, Class. Quantum Grav.19, 3435~2002!; P. Steinhardt,
Phys. Scr.,T85, 177 ~2000!.

@5# I. Zlatev, L. Wang, and P. Steinhardt, Phys. Rev. Lett.82, 896
~1999!; S. Carroll, ibid. 81, 3067 ~1998!; R. Caldwell, R.
Dove, and P. Steinhardt,ibid. 80, 1582~1998!.

@6# P. Peebles and B. Ratra, Astrophys. J. Lett.325, L17 ~1988!; P.
Ferreira and H. Joyce, Phys. Rev. Lett.79, 4740 ~1997!; C.
Wetterich, Nucl. Phys.B302, 668 ~1988!; I. Heard and D.
Wands, gr-qc/0206085.

@7# C. Kolda and D. Lyth, Phys. Lett. B458, 197~1999!; A. Liddle
and R. Scherrer, Phys. Rev. D59, 023509~1999!.

@8# O. Bertolami and P. Martins, Phys. Rev. D61, 064007~2000!;
L. Amendola,ibid. 62, 043511~2000!; F. Perrotta, C. Bacciga
lopi, and S. Matarrese,ibid. 61, 023507~1999!; J. Uzan,ibid.
59, 123510~1999!; G. Esposito-Farese and D. Polarski,ibid.
.

,

63, 063504~2001!.
@9# M. Gasperini, Phys. Rev. D64, 043510~2001!; M. Gasperini,

G. Veneziano, and F. Piazza,ibid. 65, 023508~2002!.
@10# M. Bento and O. Bertolami, Gen. Relativ. Gravit.31, 1461

~1999!; M. Bento, O. Bertolami, and P. Silva, Phys. Lett.
498, 62 ~2001!; S. Carroll, J. Geddes, M. Hoffman, and R
Wald, Phys. Rev. D66, 024036~2002!.

@11# J. Polchinski, String Theory ~Cambridge University Press
Cambridge, England, 1998!, Vols. 1 and 2.

@12# P. Townsend, J. High Energy Phys.11, 042 ~2001!.
@13# S. Hellerman, N. Kaloper, and L. Susskind, J. High Ener

Phys.06, 003 ~2001!; G. Huey and J. Lidsey, Phys. Lett. B
514, 217 ~2001!; K. Maeda, Phys. Rev. D64, 123525~2001!;
R. Bean and J. Magueijo, Phys. Lett. B517, 177 ~2001!; K.
Choi, Phys. Rev. D62, 043509~2000!; J. Kim, J. High Energy
Phys.22, 9905 ~1999!; J. Ellis, D. Navromatos, and D. Nan
opoulos, Gen. Relativ. Gravit.32, 943 ~2000!.

@14# G. Gibbons, hep-th/0106059; G. Silva, hep-th/0012267; A. N
kamura and K. Shiraishi, Hadronic J.14, 369 ~1991!.

@15# R. Saledo and N. Breton, Int. J. Mod. Phys. A15, 4341~2000!;
B. Altschmuler, Class. Quantum Grav.7, 189 ~1990!; D. Vol-
lick, hep-th/0102187.

@16# V. Dyadichev, D. Gal’tsov, A. Zorin, and M. Zotov, Phys. Re
1-4



l

QUINTESSENCE AND BORN-INFELD COSMOLOGY PHYSICAL REVIEW D66, 103501 ~2002!
D 65, 084007 ~2002!; P. Moniz, Class. Quantum Grav.19,
L127 ~2002!.

@17# P. Moniz and J. Moura˜o, Class. Quantum Grav.8, 1815~1991!;
O. Bertolami and P. Moniz, Nucl. Phys.B439, 259 ~1995!; O.
Bertolami, P. Fonseca, and P. Moniz, Phys. Rev. D56, 4530
10350
~1997!; O. Bertolami, Yu. Kubyshin, and J. Moura˜o, ibid. 45,
3405 ~1992!.

@18# M. Abramowitz and I. Stegun,Handbook of Mathematica
Functions~Dover, New York, 1998!, pp. 17 and 18.
1-5


